Abstract. In order to study the microstructural evolution of C45 sheet in during hot-rolling, several thermo mechanical coupled finite element models (FEM) are established. The effects of different speed ratio, friction coefficient, initial thickness, initial temperature, roll diameter and roll speed on the average grain size after finishing rolling are analyzed. In this work, a multi-pass alternate asymmetric rolling (MAAR) process is intended to refine the grain structure. The values of grain size are predicted by FEM. The results show that MAAR greatly reduced the initial grain, while the final grain size is significantly reduced by ascending of the initial thickness, speed ratio and roll diameter, but is expanded in a certain range by two enlarged or accelerated work rolls. This study indicates that under the appropriate process conditions, MAAR can refine the final grain better than the traditional multi-pass hot rolling.
Introduction
Theoretical and experiment studies on asymmetrical rolling plate and strip have been carried out, because asymmetrical rolling offers benefits such as less rolling pressure, less rolling force, less rolling torque, and more accurate dimension in thickness of the product than those obtained by symmetrical rolling. The asymmetric rolling process also shows a significant effect on the recrystallization, texture formation and plastic anisotropy [1, 2, 3] . Based on the results of asymmetric cold rolling, asymmetric hot rolling can be a good way to improve the uniformity of microstructure and properties of plate and strip [4, 5, 6] . Compared with the symmetric rolling, the asymmetric rolling can generate an additional shear deformation and significantly change the metal deformation stream, lead to the finer and more uniform microstructure of 5182 aluminum alloy thick plate after multi-pass hot rolling [7] . Using a combination of casting, asymmetric rolling, and subsequent T6 treatment, Al alloy sheet exhibited strength exceeding that of the commercial Al alloy sheets with similar compositions. Asymmetric rolling imposed relatively uniform strains on the sheet along its thickness direction, which in turn resulted in excellent formability [8] . As a result of the higher effective strain and continuously rotating principle normal axis through the asymmetric rolling, which promotes the activation of multiple slip systems during deformation, the extent of grain refinement may be much greater in asymmetric warm rolling the sheet of titanium and magnesium alloys in comparison with symmetric rolling [9] . As well as Al, Ti and Mg alloys, the microstructure of the metal was improved obviously and the grain size was significantly refined in the cold rolled thin sheet of carbon steel, silicon steel and stainless steel prepared by one-pass or multi-pass asymmetric rolling process [10] .
Previous investigations on the microstructure concentrated on either the grain structure, texture and misorientations of hot/cold rolled nonferrous alloy plate and strip, or that of cold rolled steel sheet and foil after asymmetric rolling. But generally the plate and strip, especially the sheet metal, is produced by multi-pass rolling of the blank to meet the need of market. In addition, during asymmetric rolling process the bending of the plate and strip often happens. Both turn-up and turn-down can lead to problems, such as reducing productivity, deterioration of the plate shape. In addition, considerable damage to mill equipment may result, especially when the curvature is severe [11] .
Therefore, it is more practical to study the bending and microstructure characteristics of the plate at the same time. The application of multi-pass rolling to prepare plate and sheet metal is an innovation attempt to full play to the advantages of asynchronous rolling. So it is significant to achieve a greater understanding of the relationship between process parameters and bending and microstructure. The study of this aspect is still very limited, and there is hardly any report of multi-pass asymmetric hot rolling for steel plate.
In our works, on the basis of the definition of the multi-pass alternate asymmetric rolling (MAAR) process, finite element techniques are used to predict the values of plate curvature and grain size, and the relationships between the process parameters and the bending behavior of steel sheet and the microstructure evolution are analyzed. But since the former has been well-documented elsewhere. We won't explore it in this paper. These results of the research have a very important role for effectively controlling the plate bending and refining the grain structure in multi-pass asymmetric rolling process.
Alternate Asymmetric Rolling
In this paper, asymmetric rolling originates from the asymmetry due to different rotational speed between top and lower rolls with a same diameter. Previous studies have shown that due to low mismatch of velocity of the work rolls, the sheet would almost always bend toward the direction of the bottom roll in one-pass asymmetric rolling. Therefore, the MAAP process shown as Fig.1 is schemed. According to the schematic diagrams, the faster roll alternates top and bottom rolls. The alternation of the faster roll will lead to opposite directions of the plate bending between two adjacent passes, cause alternative shear strain and broken grains, so reduce the mean grain size of the hot-rolled steel sheet after MAAR. 
Numerical Modeling
The purpose of the investigation undertaken is to develop a prediction model for the size of the hot-rolled sheet after finishing rolling in MAAT. In this work, the microstructural model of DEFORM 3D was used to simulate the MAAT. Then the microstructural evolution coupled with deformation and thermal transformation. It is well known that grain size is mainly dependent on strain, strain rate and temperature [12] , which is obviously effected by the rolling conditions. Consequently, influence law of rolling parameters in MAAR on the microstructure was studied with emphasis on different speed ratio, roll speed, friction condition, rolling temperature, rolling pass and blank thickness. The material of the plate is C45 steel, the material and microstructural models of which were presented by DEFORM-3D. The top roll, as well as the bottom roll, is assumed to be rigid. The rolling parameters are shown as Table 1 . The effect of recrystallized and non-recrystallized grain size on the average grain size and the impact of retained strain on the microstructure in MAAR were fully taken into account. Numerical simulations of micro structural evolution were conducted for C45 sheet under different MAAR conditions by selecting top or bottom roll as faster roll in turn. The initial size of the material was set to 25µm. Through numerical simulation, the average grain size distribution of the hot-rolled sheet after finishing rolling could be obtained by using the powerful postprocessor. Finite element predictions of the size for various factors are shown in Figs.2-7 
Results and DISCUSSION

Effects of Speed Ratio, Roll Diameter and Initial Thickness on Grain Size
Figs.3-5 shows the effects of speed ratio, work roll diameter and initial thickness on the final grain size. The deformed microstructure is greatly refined from the initial size of 25µm to less than 5µm due to the recrystallization mechanism during the rolling process. It's quite clear that the superposed grain size after two passes rolling is highly correlated with the speed ratio, shown as Fig.3 . The value of the final average size is the largest only when the speed ratio is 1.0, namely, the speed of two work rolls is same. While it decreases gradually with ascending speed ratio when speed ratio is greater than 1.0. When the rotational speed of slower roll is stable at 20rpm, the speed of faster roll increases with ascending of the speed ratio. It leads to an alternating, increasing friction torque exerted by the work rolls on the top and bottom surfaces of the workpiece in the deformation zone. Alternating, ascending sheer train occurs through the sheet thickness, deformation grains are gradually refined as well. While, it is interesting that the effect will keep steady when the speed ratio is reached or over 1.3 on the whole. Fig.4 shows a similar change in the grain size. The grain value firstly decreases and then decreases slightly as work roll diameter increases in MAAR with fixed rolling parameters. In the same process condition, more refined microstructure can be generated by the work rolls with diameter 150mm.
In comparison, influence of workpiece initial thickness on the grain size is more concise, and clearly understood. Fig.5 shows an approximately linear relationship between the grain size and the thickness of the blank. In the same process, the thicker blank being rolled produces so larger alternative shear strain and strain rate in the plastic deformation field that a greater degree of DR and MR takes place more rapidly in and out of the deformed area, respectively. More meaningful, the grain structure by three passes rolling is finer than that by two passes rolling especially the thin blank. It can be seen that the number of deformation in MAAR is very important for grain refinement.
Effects of Initial Temperature and Roll Speed on Grain Size
Figs.6-7 reveals distinctly this positive correlation between the grain size and the starting rolling temperature and the roll velocity. The curve of grain size ascends rapidly with increasing in initial temperature, although its value is much smaller than the initial grain size. The grains grow up more quickly for a long time at high temperature, despite it promotes DR and MR to take place.
As speed of work rolls increases, the grain size increases obviously, shown as Fig.7 . The high rolling speed shortened the time of DR and decreased the recrystallization volume fraction, which led to the increase of the average grain size after finishing rolling. 
Effects of Friction Coefficient on Grain Size
To the grain size, the friction coefficient is the most active and the most complex factor in this research. The increasing of friction coefficient inevitably intensifies the contact friction on the surfaces of the deformation zone. On the one hand, the shear rain increases because of shear stress increasing in cross-shear zone and, brings about a enhancement of grain breakage and recrystallization, which refines the deformed texture; on the other, the heat energy transferred from the deformation energy, called friction heat, accelerates the grain growth, as mentioned above. The two actions have contributed to the changing trend of figure 8.
Conclusions
This work based on pure numerical simulations was carried out to investigate the influences of speed ratio, frictional condition, initial temperature, roll diameter, initial thickness and roll speed on the final grain size of hot-rolled sheet at thickness 1.0mm after MAAR. According to a series of analytical results, the following conclusions have been drawn: 1)In processing the of MAAR, the average value of the initial grain is greatly reduced owing to DR and MR, which are intensified by the alternative shear strain via taking the top and bottom rollers alternately as the fast roll.
2) As anticipated, with the increase of speed ratio from 1 to 1.5, the grain size of hot-rolled sheet after finishing rolling increases rapidly and then tends to be stable at about 4.5µ m.
3) As well as the speed ratio, the diameter of work rolls has alike effect on the size of microstructure. It is desirable to obtain a very fine deformed microstructure in the hot rolled sheet using two rolls with diameter 150mm under MAAR.
4) It is an effective method to refine the grains of rolled sheet, whether increasing the thickness of plank at same rolling times or increasing the rolling times at same initial thickness.
5) As well as the staring rolling temperature, the rotation rate of work roll has a positive correlated effect on the grain size.
6) The frictional condition is a complex factor for refining grain, a larger or smaller friction coefficient will be beneficial to the grain structure.
7) For rolling a product with refined grain structure, it is necessary to select an appropriate process condition in MAAR.
